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Abstract. New technologies for power systems, electronics, micro-electro-mechanical systems, structures, and
payloads are enabling significant reduction in the size, cost, and weight of satellites. It is estimated that satellites
supplying 1 kW prime power with 1 GFLOPprocessing capability can be mass-produced at less than 100 kg in the
near future. These capable, lightweight, low cost micro-satellites open up new vistas for space system architectures.
Concepts are presented which distribute the function of a satellite to a cluster of such micro-satellites flying in
formation. It is shown that simply subdividing a satellite into smaller pieces does not in itself offer more efficient
ways to do a space mission because of the "overhead" associated with each satellite. However, the spatial
distribution provided by a cluster provides new opportunities to perform the mission differently or enhance the
satellites' performance, i.e., the whole is greater than the sum of the parts. An example of such collaborating microsatellites performing a space based radar mission is described. The Air Force Research Laboratory's TechSat 21
initiative to more fully explore these concepts is outlined.
Advanced Technologies for
Next Generation Spacecraft

A number of emerging technologies are targeting
dramatic improvements in cost and weight effectiveness
of satellite subsystems. While these technologies are
applicable to "conventional" satellites, they promise
even more startling benefits by enabling new classes of
satellites - capable microsatellites weighing less than
100 kg. These satellites have an order of magnitude
better performance (power output, processing
capability, communications data rates, etc.) per unit
mass when compared to current satellite designs. Some
of these advanced technologies are described briefly,
and an example satellite design employing them is
presented later in this paper.
Power generation - Current technology for satellite
power includes planar arrays with multi-junction
Gallium Arsenide (GaAs) cells having up to 24%
conversion efficiency. This approach can achieve
specific power generation capability of about 50 W!kg
for moderately sized arrays. A large portion of the
weight in these concepts is the cell substrate and the
solar array structure. Advances in thin film solar cells
such as amorphous silicon, copper-indium-diselenide
(CIS), and copper-indium-gallium-diselenide (CIGS)
promise significant improvements in the specific power
capability of solar arrays. Thin film technology permits
the photo voltaic devices to be manufactured on thin,
lightweight materials such as Kapton. The manufacture
of these cells is amenable to batch and roll-to-roll
processing, which significantly reduces their cost.
Because the cells are flexible and thin, they can be used
to build solar arrays in novel ways. For example,
inflatable balloon and stretched membrane arrays are
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possible, thus enabling significant reduction in solar
array structure mass. In addition, these non-crystalline
cell technologies are inherently radiation hard,
improving the effective performance of a solar array,
which is usually designed for end-of-life conditions.
The key performance driver for thin film devices is the
efficiency. Current lightweight CIGS and amorphous
silicon efficiencies are around 8-10% (AM1.5, room
temperature). Multi-junction thin film cell technology is
currently being investigated, and is projected to yield
approximately 15% efficiency. Design studies have
shown that this technology could achieve specific
power densities of 200 W!kg for moderately sized
arrays of about lkW in eight year LEO orbits.
Electronics packaging
There are various levels of
packaging in modern spacecraft avionics. This
hierarchy starts at the device, proceeds through the chip
or integrated circuit, to the board, to the box, and finally
to the subsystem or spacecraft leveL Advanced
technologies are addressing weight and cost reduction
at each level of this hierarchy, and some are attempting
to bridge some of these levels for enhanced benefits.
Processes for making smaller devices, such as X-ray
lithography, can yield more devices per unit area,
decreasing the size and power consumption of the chip
or integrated circuit. Advanced high scale integration
technologies such as multi-chip modules (MCMs), and
ultra-high density interconnects (UHDI), enable more
flexible and inexpensive packaging of several chips or
integrated circuits in miniature packages. These
technologies replace chips-on-boards with chips-in-achip, basically allowing cost effective production of
large-scale custom integrated circuits. Coupled with
this size and weight reduction, are technologies for
Highly Integrated Packaging and Processing (HIPP),
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nozzles for various forms of propulsion. These
miniature satellite subsystems can slash the weight of
spacecraft, but MEMS also make possible new ways of
making satellites. For example, novel applications of
latching MEMS switches allow reconfigurable data
busses and power distribution networks, and extremely
radiation tolerant memory devices. Micro-actuators can
also be used in miniature roving devices, like parasites,
which assemble or repair satellites.

which exploit three-dimensional packaging techniques
for MCMs or similar high-density electronics to
achieve further weight reduction. These technologies
are akin to an optimized MCM container. now enabling
GFLOP capabilities in a coffee-cup-sized package.
Multi-Functional Structures - This technology attacks
the final level of electronics package, at the subsystem
or spacecraft level. Multi-functional Structures (MFS)
are the combined technologies of advanced electronics
packaging such as HIPP and MCMs, flex circuit wiring
and interconnects, advanced structures and thermal
control, and radiation shielding. Dramatic reduction in
weight is achieved by integrating the thermal, electrical
distribution and shielding, and structural functions. Flex
circuit interconnects are produced in automated
processes, eliminating the costly and time-consuming
hand wiring of modern satellites. Such interconnects
eliminate the heavy and bulky connectors used in
satellites. Methods of in-situ rework and repair of these
interconnects have been developed which allow rapid
satellite assembly. The thermal dissipation requirements
are accomplished by closely coupling the electronics
with a high thermal conductivity structure. RIPP and
MCM technologies achieve weight reduction by
eliminating excess packaging material, but at the same
time this decreases the radiation shielding of the
electronics. Methods of doping the composite materials
with high and low atomic number elements have been
developed which enable the total dose shielding to be
recovered at reduced weight. Using the MFS
technology, it has been shown that it is possible to
reduce avionics subsystem weight by a factor of ten,
and to lower design, fabrication, and integration time.

Payload Packaging, MFS and MEMS technologies
can also be applied to payloads. A significant example
is the use of microwave high-density interconnects and
MFS technologies in radio frequency transmit and
receive modules for radar or communications
applications. By also integrating MEMS switches for
true time delay and phase shifting, these integrated
devices can form the core of a phased array antenna.
Using this Transmit-Receive Antenna Module (TRAM)
technology, weight reduction of 75% can be achieved
resulting in antenna arrays weighing 4kg/m 2•

New Paradigms

The availability of highly capable satellites with high
performance per unit cost and/or weight, enables one to
envision new ways of doing business in space. A
"personal satellite" paradigm will revolutionize the
space industry in much the same way as the personal
computer has done to the computer industry. When
computers were large, bulky, complex and expensive,
few people had them, they were specialized and used in
compartmentalized functions, and were of limited
utility. The PC invoked a new vision of the computer
by dramatically reducing the cost, weight and size.
Computers are now viewed as necessary tools, whose
utility comes through broader, networked, cooperative
use, less specialization, and more openness.

Micro-Electro-Mechanical Systems (MEMS) - This
burgeoning technology deals with the design, materials
synthesis, micromachining, assembly, integration and
packaging of miniature three-dimensional sensors and
actuators having physical structures on the order of
nano- to milli-meter dimensions. MEMS leverages the
significant advances made in silicon based
manufacturing, but has been expanded to include many
novel and new micro-structures in non-silicon,
integrated digital/analog/mechanical devices, and large
scale micro-structures. Because MEMS are based on
technologies suitable for mass production, the cost of
these devices is very low, adding to their appeal for
satellite applications. MEMS have found an extremely
wide range of applications in sensing, actuation, and
micro-optics to name just a few broad categories. Areas
where MEMS can apply to space systems include
micro-gyro assisted Global Positioning System (GPS)
navigation, optical cross-links, radio-frequency MEMS
switches and tunable capacitors for communications
and radar applications, micro-valves, plumbing and

In the same way, one can imagine that rather than use
these new technology-enabled capabilities to replace
the larger satellite with a smaller, less costly satellite,
we could explore new visions. One such concept is the
idea of using a cluster of satellites that fly in formation
and cooperate to perform a mission. The required
functionality is thus spread across the satellites in the
cluster, the aggregate forming a "virtual satellite". The
satellites maintain constant communication, and
monitor each other, so that they can maneuver and stay
in formation. The processing, health and status,
command and control functions can also be distributed
amongst the members of the cluster. Such a
configuration has benefits when the mission is served
by having a large effective aperture, equal to the
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spacing of the satellites, or by diversifying the function
over several platforms.

still have its own structure, power distribution, power
generation and storage (unless power beaming is
considered), communications systems, attitude controls,
etc. Thus, dividing a satellite carries some weight
overhead. However, in many instances the benefits of
division outweigh this penalty because: I) the increased
baseline, or spatial separation increases the
performance of the cluster; 2) the increased adaptability
afforded by the ability to spatially reconfigure the
cluster adds functionality, 3) the ability to upgrade a
cluster by adding more satellites is made tenable; 4) the
entire cluster capability corresponds to an equivalent
single satellite that would be unlaunchable; 5) and the
miSSIOn survivability is increased because of
proliferation in the cluster and the individual satellite
are smaller targets. A cluster offers other potential
benefits as well. Economies of scale can be expected in
the manufacture of the cluster satellites, because a
larger number of possibly identical units must be
produced. A cluster may gracefully degrade in the event
that satellites of the cluster fail. Finally, the satellite
mass is smaller, so that a launcher's capacity can be
more fully utilized by launching several satellites. The
small mass also permits piggyback launches, especially
for replenishment of clusters. (Of course, the
constellation design may independently constrain the
number of satellites per launch or whether
piggybacking is viable).

An example of such a distributed system is a dual-mode
communications satellite. A cluster of several small
satellites with small antennas could perform a data relay
function from or to fixed ground sites. With a fairly low
gain, each satellite could serve a respective ground site
during a pass, crosslinking within the cluster or intercluster to relay the data to another ground site. At the
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Figure I. Comparison of Beam Patterns Between
Monolithic Array and Clustered Satellite Array
same time, the satellites could phase their transmissions
to provide high gain in certain very small goegraphic
areas, such as a theater of operations, to allow
communications to small user terminals. The cluster
acts as a large, but sparse, phased array antenna to
achieve very high gain. The grating lobes associated
with this approach can be optimally positioned to
minimize sidelobe noise and power loss, by using
appropriate satellites in the cluster. A one-dimensional
example illustrates this concept. Three satellites fly in
formation in a line, separated by 6 and 14 wavelengths,
respectively, each satellite having a phased array
antenna of 7 elements spaced at one half wavelength, or
3 wavelengths in extent. The effective aperture size is
23 wavelengths. If the same number of elements (21) in
these three satellites formed a monolithic array, its
effective aperture would be only 10 wavelengths. As a
result, the sparse array has a much higher gain than a
monolithic array and narrower beam pattern but suffers
from high sidelobes as shown in Figure 1. However,
these sidelobes can be adapted by varying the weighted
power or phase of each satellite. Having additional
satellites in the cluster, or having the capability to
maneuver the satellites and change their spatial
geometry, would allow more adaptability in the
placement of nulls and optimization of the beam
pattern.

Distributed Satellite Radar

The ideas of capable microsatellites clusters have been
applied to a space based radar. The ability to perform a
space based radar mission, which historically has
required very large, high-power satellites is seen as an
extreme test of this concept. The improved angular
resolution from a sparse array has the potential to offset
the many problems that come from splitting a single
large satellite into many smaller satellites.
The current design addresses the problem of Ground
Moving Target Indication (GMTI), in which slow
moving targets are to be detected against large ground
clutter. Conventional approaches to suppressing clutter
are to use a large antenna in the azimuth direction so
that effectively a narrow beam can be generated on the
target, and a null placed on the neighboring clutter cell
which is otherwise mapping into the same rangeDoppler cell as the target. For low earth orbiting
satellites, which have large velocities relative to the
ground, this requires antennas on the order of tens or
even hundreds of meters in length or diameter to
accomplish this task. Instead, the distributed satellite
concept addresses these problems in a different way.
Each satellite would transmit a signal orthogonal to the
others, while receiving and coherently detecting the

Simply subdividing a satellite into several pieces does
not necessarily afford any savings. Each satellite must
3
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returned signal from every satellites' transmission,

characterized by elliptical relative motion with a ground
trace about the sub-nadir point being circular.
Perturbations due to moon and sun gravity, solar and
aerodynamic pressures, and the non-spherical earth will
disrupt these stable solutions. However, since the
satellites are in close proximity they experience nearly
the same perturbing effects. The required delta-V to
maintain these stable orbits is therefore very small.
These solutions are critical to the idea of a cluster. If
large propulsive capabilities were required to maintain
the desired geometry, a cluster would not be viable.
Fortunately, it is expected that this rich solution set will
provide ample combination of spatial configurations
that are suitable for the radar application.

4

Figure 2. Distributed Satellite Radar Concept
including its own as depicted in Figure 2. Since the
coherent response at each satellite is individually
sampled,
the
array
provides
angle-of-arrival
information about the scattering from a given target in
both the azimuth and elevation directions. These two
additional measurements are postulated to provide the
additional information that can be used to satisfy the
MTI requirement. This constellation of satellites is
anticipated to be roughly 100 meters in extent, and
would consist of approximately 4 to 20 satellites.

Another effect that requires consideration is the
propagation delay and refraction caused by the
ionosphere. Since very accurate timing of signal returns
are required to resolve the angles of arrival, any
inhomogeneity of the ionosphere on the scale of the
cluster diameter could introduce significant errors.
Turbulent structures in the ionosphere have been
measured to scales of ten of kilometers, but there are
currently no detailed data or models that can be used to
evaluate these effects for the current concept.
Furthermore, the radar detection will employ coherent
signal processing techniques to increase signal gain by
factors of 100-1000 or more. Such processing is
extremely sensitive to fluctuations in phase that may
reduce the anticipated gain dramatically. The effect of
even small ionospheric phase fluctuations, negligible
for space-based communication and navigation
systems, will be amplified substantially by space based
radar signal processing. Detailed models and in-situ
monitoring could allow this effect to be compensated.

This form of operation of a radar system is completely
novel, and has not yet been shown to be effective. Ongoing research is being conducted to establish the
feasibility of the concept. Some related research in
applying multiple receive apertures to synthetic
aperture radar (SAR) has analytically demonstrated
how improved spatial resolution via digital
beamforming techniques can resolve range/Doppler
ambiguities l .

A conceptual design of the radar microsatellite was
formulated for this cluster. A polar 800 km orbit was
chosen for the satellites to provide global coverage with
minimal outages. (Approximately 35 clusters in 7
orbital planes are required to provide this capability.)
The radar is assumed to operate at X-band (10 GHz)
and requires a 4 m2 aperture transmitting an average of
2ooW. The payload signal processor was estimated to
weigh 4 kg and requires 50 W. These payload attributes
required a deployable aperture, and about 1 kW of
prime power. An innovative satellite design was
devised, as shown in Figure 4, which allows compact
stowage for stacking in the launch vehicle, and yet
provides the capability to support the payload. The key
to the design is the use of Multi-Functional Structures
(MFS), thin film arrays, and advanced TransmitReceive Antenna Module (TRAM) technologies. A
brief description of the various subsystems is provided
in Table 1. Gravity gradient stabilization was chosen to
reduce satellite cost by eliminating costly attitude

Figure 3. Cluster Orbital Dynamics
To maintain an effective radar aperture, the satellite
cluster is required to accurately maintain a fixed spatial
configuration. Solutions of the linearized orbital
dynamical equations indicate that stable relative orbits
can be found. These are depicted in Figure 3, and are
4
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Deployment!
Gravity gradient
boom

The TechSat 21 Initiative
The investigation underway at the Air Force Research
Laboratory (AFRL) to evaluate distributed sensor
systems is dubbed TechSat 21 for the Technology
Satellite of the 21 sl century. The initiative is a joint
effort of the Office of Scientific Research, Vehicle
Systems, Sensors, and PropUlsion Directorates, Basic

i film
solar array,

1,OkW

Table 2. Microsatellite Weight

Bus

Subsystem
Mass, kg
Radar Payload
20.0
ADACS
3.8
1.4
Propuls ion
4.0
IT&C
2.4
C&DH
Structure
5.4
Power
18.2
Thennal
3.3
Propellant
5.8
Total
M.3
Contingency
12.7
77.0
Total wi Contingency

Deployed
Stowed

Figure 4. Conceptual Radar Microsatellite Design
actuators, The deployment boom also provides the
structure to deploy and support the solar array. The
array accordion-folds on the sides of the stowed bus
and payload panels. Deployment of the boom unfolds
the solar arrays that then form a large hexagonal
cylinder. The antenna panels are unfolded from beneath
the bus module. The estimated weight of the conceptual
design, using technologies that will be available at the
turn of the century, is shown in Table 2. The total
weight with contingency is less than 100kg.

research is being conducted in sparse aperture sensing,
ionospheric effects, and MEMS for spacecraft.
Technology efforts are focused on lightweight, low cost
microsatellites, especially those critical to collaborating
clusters of satellites such as high capability power
systems, micropropulsion, and advanced electronics
packaging including MFS.

Table 1. Summary of Microsatellite Design

Subsystem
Payload

Description
2
4 m TRAM deployable panels,
I GFLOPS signal processor

Propulsion

Low impulse bit pulsed plasma,
200mls

Acknowledgements

Attitude control

Gravity gradient with magnetic
torquer augmentation, 5 degrees

Attitude
determination

MEMS star tracker and gyro,
sun sensor, earth sensor, 1 rnrad

Orbital
determination

GPS and differential GPS for
relative cluster spacing to <1 cm

Communications

K-band LAN for intra-cluster,
K-band cross links, 250 Mbps

Thanks are due to: Mr. John Garnham, RDL and Prof.
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discussion of sparse aperture radar; Prof. Dave Miller
and Dr. Ray Sedwick of MIT for contributing to the
section on orbital mechanics; Maj. John Comtois,
AFLRlVSS for adding to the section on MEMS; and
Drs. Ed Weber and Keith Groves of AFRLIVSB for
providing the description of ionospheric effects.

Structure

MFS composites, inflatable
rigidizable boom

Power

CIS thin film array supported by
boom, Li-Ion batteries

Thermal

Mini capillary pump loops,
optical coatings, heaters

Command and
Data

MCM and HIPP packaged, radhard electronics
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